Abstract: Botryllid ascidians, a small but geographically widely distributed group of compound tunicates, are being used as a model system for the study of allorecognition. Botryllid ascidians possess a unique type of immunity. Pairs of colonies that meet through their extending ampullae either fuse to form a chimera or develop cytotoxic lesions at contact zones (rejection). This first tier of allorecognition is succeeded (in cases of fusion) by two additional tiers, not reviewed here (the colony resorption phenomenon and the phenomenon of somatic and germ cell parasitism). Fusion and rejection are controlled by a single highly polymorphic gene locus termed the fusibility/histocompatibility (Fu/HC) locus. One shared allele on the Fu/HC locus is enough for fusion. Rejecting colonies do not share any Fu/HC alleles. To date, 14 botryllid ascidians have been studied for their fusibility patterns; of these, the cosmopolitan species Botryllus schlosseri (Pallas, 1766) has emerged as the most studied taxon. This review summarizes studies revealing the various types of noncompatible responses that are expressed following the application of the "colony allorecognition assay" and the "cut surface assay". These include divergent alloresponses related to different populations of the same botryllid species, distinctive allorecognition sites, polymorphism and a repertoire of Fu/HC alleles, a state of low responsiveness as opposed to the expected immunological memory, the retreat growth phenomenon, and the irreversible nature of the rejection process. A detailed description of the accumulated knowledge on the effector cells (morula cells and macrophages), the humoral and cellular molecules (at the biochemical and molecular levels), and the prophenoloxidase system is given. Links between allogeneic responses and the evolutionary ecology of botryllid ascidians are revealed. Since tunicates occupy a key phylogenetic position in the origin of the vertebrates, the study of colony allorecognition in this group may shed light on self/nonself recognition elements in other multicellular organisms, including vertebrates.
Introduction
The ascidians (class Ascidiacea, subphylum Urochordata) are a group of sessile, marine, highly developed invertebrates that occupy a key phylogenetic position in the origin of the vertebrates, a sister group of the chordate line (Berrill 1955; Satoh and Jeffrey 1995) . Their short-lived planktonic tadpole larvae feature many of the characteristics of the chordate body plan, including a tail, notochord, dorsal nerve tube, and segmented musculature (Berrill 1950) . Following settlement onto a subtidal surface, the larva undergoes metamorphosis to a sessile juvenile invertebrate. Metamorphosis precipitates the loss of the chordate body plan and produces an organism with a variety of new organs and cell types (Berrill 1950) . Due to the occurrence of natural transplantation events, one protochordate group, the botryllid ascidians (family Styelidae, subfamily Botryllinae), has emerged as a model system for the study of allorecognition. Members of this small but geographically widely distributed group of subtidal compound tunicates are common inhabitants of fouling assemblages. For more than three decades, researchers have used different taxa of botryllid ascidians as key organisms in the study of allorecognition and innate immunity.
A typical colony of a botryllid ascidian consists of a few to several thousand morphologically and genetically identical modular units called blastozooids (or zooids; Fig. 1 ), which are connected to each other via a ramified blood system ( Fig. 1 ). This vascular system projects along peripheral zones numerous blind termini, referred to as ampullae, which are characterized by their sausage-like structures. Zooids and blood vessels are encased within a translucent gelatinous matrix, the tunic. Each zooid within a colony is able to feed and sexually reproduce independently of the others. However, zooids within a colony are usually arranged in elongated, compact, oval, star-shaped structures (systems; Fig. 1 ) of up to 10-12 zooids each.
After metamorphosis to the first zooid stage (the oozooid), further cyclical colonial growth patterns are dictated by a synchronous asexual budding process called blastogenesis. The oozooid (and thereafter, all functional blastozooids in the colony) produces sets of palleal buds (1-4 buds/zooid) that grow and differentiate into functional zooids. The developmental process of each blastogenic cycle usually takes less than a week (at 18-20°C) and concludes with an apoptotic phase of zooid and cell death (called takeover) in which all functional zooids are morphologically resorbed in a synchronous pattern within a 24-h period and are replaced by the new set (generation) of developed buds (Berrill 1941; Milkman 1967; Lauzon et al. 1992; Cima et al. 2003) .
Botryllid ascidians possess a unique type of immunity (allorecognition) that may reveal the evolutionary routes for the vertebrate immune systems. Although defense against viral and microbial pathogens is certainly a common feature of all immune systems of metazoan species, invertebrates use only nonadaptive, innate immunity, which involves the expression of germline-encoded receptors, to identify nonself attributes and defend against pathogens. Vertebrates, however, also possess adaptive immunity, which relies on receptors generated by a somatic gene rearrangement process. Both types of immune responses, however, are involved with a multiplicity of phenomena and are connected to each other. Recent studies of vertebrate immunity provide ample support for the crucial role of innate immunity in signalling acquired effector mechanisms with information on the nature of alien antigens and in inducing and directing adaptive immune responses (reviewed in Vogel 1998; Turner 1998; Hoffmann and Reichart 2002; Kaufman 2002) . With these new results, our understanding of the evolution of immunity has been revisited in a manner advocating that innate immunity should no longer be envisioned as an evolutionary rudiment whose only function is to contain the infection until the real, or adaptive immune response can be induced (Vogel 1998) . Here, we may add one of the most enigmatic aspects of immunology. There is no dispute that in contemporary vertebrates, the immune systems execute cellular and humoral functions that are essential to fight pathogens; however, all vertebrates also express allorecognition, using the same immune systems. They efficiently reject allografts, a phenomenon that seemingly never occurs in nature (with the exception of pregnancy; but see Rinkevich 2001) , and hence may be regarded as an evolutionary paradox. Allorecognition, therefore, has become a key issue in understanding the evolution of immunity. It has been experimentally documented in various invertebrate taxa and is naturally displayed in many sessile, colonial invertebrates (reviewed in Rinkevich 1996a), including botryllid ascidians.
Examining the evolutionary basis of self/nonself recognition, in general, Burnet (1971) noted that several nonvertebrate species possess well-developed allorecognition and xenorecognition systems that operate in the wild and that are not devoted to microbial defense (Rinkevich 2004) . One of the invertebrate groups discussed (Burnet 1971) was colonial protochordates, with their unique fusion or rejection reactions and their capacity to form natural allogeneic chimeras.
Three tiers of allorecognition
Interest in botryllid ascidian immunity has centered on allogeneic recognition since the pioneering study of Bancroft about a century ago (Bancroft 1903) . Pairs of colonies that meet naturally or that are placed in contact under laboratory conditions either fuse their contacting ampullae to form a vascular parabiont (cytomictical chimera; Rinkevich and Weissman 1987a) or develop cytotoxic lesions at the contact zone (points of rejection, PORs; reviewed in Taneda et al. 1985; Weissman et al. 1990; Rinkevich 1992; Figs. 2a, 2b) . In other botryllid ascidians, megaloampullae or hemorrhages may form (Rinkevich et al. 1993b (Rinkevich et al. , 1994a Figs. 2c, 2d ). This allorecognition is genetically controlled by a single fusibility/histocompatibility (Fu/HC; Weissman et al. 1990 ) locus with multiple codominantly expressed alleles (Oka and Watanabe 1960; Sabbadin 1962; Scofield and Nagashima 1983) , whose degree of polymorphism resembles the genes of the vertebrate major histocompatibility complex (MHC; Scofield et al. 1982b ) and reveals unprecedented extensive polymorphism . A wild botryllid colony is usually heterozygous at the Fu/HC locus; such a colony can be designated as AB at this locus. Histocompatibility in botryllid ascidians is unlike that in vertebrates in that an AB colony has the capacity to fuse with any other colony carrying at least one of the two alleles at its fusibility locus (namely AB, AA, BB, AX, and XB colonies). Thus, it appears that botryllid colonies are capable of self/nonself recognition of allelic determinants in this Fu/HC locus. Rejecting colonies are those that do not share either allele of the Fu/HC haplotype (i.e., AB versus CD). The fusion or rejection phenomenon is the first tier of allorecognition in this group of organisms.
The second tier of allorecognition involves the phenomenon of colony resorption. This response has been best studied in the cosmopolitan botryllid ascidian Botryllus schlosseri (Pallas, 1766) . In a chimera of compatible colonies, one of the fused partners is usually morphologically resorbed (Rinkevich and Weissman 1987a , 1987b , 1987c , 1989 , 1990a , 1990b , 1992a , 1992b Rinkevich et al. 1993a Rinkevich et al. , 1994b Rinkevich et al. , 1995 Rinkevich 1996b) , but this colony resorption never occurs in chimeras of isogeneic subclones. Several characteristics of colony resorption are summarized here. (i) When similar-sized subclones from colony A and colony B fuse (even when they are different color morphs), only one of the two subclones is resorbed, regardless of genetic elements controlling color morphs. Determination of which colony of a chimera will be resorbed is influenced by the relative body sizes of the two interacting colonies. Resorption involving large fused colonies is a slow process, lasting up to 8 months. In small fused colonies or oozooids, it sometimes takes only 1 week. (ii) Resorption of zooids usually proceeds during the takeover process and does not include the blood vessels. Consequently, the blood vessels that connect the pair of colonies continue to function, so that blood and blood products can gain access to more distant zooids. (iii) A complete resorption of one partner in the chimera is not the only outcome of fusion between genetically nonidentical partners; other physiological parameters, such as stress, may lead to separation between the partners, death of the whole chimera, or a change in resorption directionality. (iv) Finally, allospecific memory, as measured by an accelerated second-set resorption of semi-allogeneic tissue, is not a characteristic feature of the B. schlosseri resorption phenomenon (Rinkevich and Weissman 1990b) .
The genetic background that controls colony resorption was studied by carrying out paired oozooid fusion versus rejection assays among F 1 oozooids from defined-cross parents, and also by performing colony allorecognition assays between Fu/HC homozygous colonies (e.g., AA versus AA) and between homozygotes and fusible heterozygotes (e.g., AA versus AB). The results Rinkevich and Weissman 1992b) were consistent with a model predicting that both the Fu/HC locus and other loci govern colony resorption. When following the fate of different chimeras established between four generations within a pedigree, it was found that colony resorption is under the control of multiple genetic elements, of which the tunicate Fig. 1 . Schematic illustration (left) of a Botryllus schlosseri colony (right) revealing the general structure of zooids, buds, and the ramified blood system. a, ampullae; b, bud; es, exhalant siphon; is, inhalant siphon; s, system of zooids; t, tunic matrix; v, blood vessel; z, zooid.
Fu/HC locus is only one. At least one, and more likely two or more, additional polymorphic allotransplantation gene loci, unlinked to the fusibility locus, determine the resorption hierarchy. Resorption is best explained as being associated with relative homozygosity versus heterozygosity of the histocompatibility elements: colonies with heterozygous somatic histocompatibility alleles resorb homozygous colonies. For example, a mother colony will resorb its own selfcrossed offspring or the self-crossed offspring of a kin colony (Rinkevich 1993; Rinkevich et al. 1993a) .
The third tier of allorecognition consists of the phenomena of somatic and germ cell parasitism (again, best characterized in B. schlosseri). A few studies have documented "within established chimeras" the transfer of germ cells to, and their establishment in, an alien partner's soma (Sabbadin and Zaniolo 1979; Pancer et al. 1995; Rinkevich et al. 1998b; Stoner et al. 1999; Rinkevich 2002a Rinkevich , 2002b . These and other studies have also shown that chimerism might have substantial fitness costs over the long term through cell lineage competition and parasitism (Buss 1982; Grosberg and Quinn 1986; Weissman 1987a, 1992a; Sabbadin and Astorri 1988; Magor et al. 1999; Rinkevich and Shapira 1999; Rinkevich 2002a Rinkevich , 2002b . Pancer et al. (1995) used a polymorphic molecular marker (PCR typing at a microsatellite locus) to follow somatic and gametic consequences of chimera formation. Twenty-two chimeras were established from 12 different genotype combinations, and blood cells, zooids, and gonads were typed 45-130 days thereafter. In some cases, partners in the chimeras were experimentally or spontaneously disconnected. In other cases, resorption of one partner in the chimera was completed. Somatic coexistence of both partners was recorded in 83% of chimeric entities up to 100 days after disconnection between genotypes and in all chimeras where colony resorption was completed. Both genotypes were present in gonads of 33% of the chimeras, and germ cells of only the second partner were detected in 22% of the cases. Stoner and Weissman (1996) extended those studies to wild (field) colonies and showed that germ cell competition occurs commonly in fused colonies, but rarely or not at all in rejected colonies. Breeding studies of fused colonies have revealed that if the sperm residing in partner A is actually derived from partner B's genome, then the eggs derived from partner A are also actually of genotype B. If the sperm is a mixture of A and B, then the degree of chimerism is reflected in progeny from A, whether A was the sperm donor or the egg donor (Stoner and Weissman 1996) . Sets of 3 allogeneic colonies (e.g., A, B, and C) were formed from a stock of 12 such colonies, and bichimeras were formed from pairwise combinations (e.g., fused pairs A-B, A-C, and B-C). The fate of these bichimeras was followed, using allelic microsatellite loci, for up to 5 months. Trichimeras (A-B-C) were also followed. Blood, buds, and sperm were sampled at scattered sites in these chimeras. Colony resorption occurred regularly and was reproducible and hierarchical. Somatic cell parasitism also occurred and was reproducible and hierarchical. Although the phenotype of the somatic cell parasitism "winner" and that of the colony resorption "winner" were usually the same, in some cases the bud of the "winner" was partially or entirely from the resorption "loser", and so the two traits are not tightly linked. Germ cell parasitism also occurred, usually resulted in the complete reproductive dominance (in extracted sperm) of one colony's genotype, was heritable asexually, and was confirmed by progeny testing.
The above summary reveals the complexity of the three tiers characteristic of botryllid ascidian allorecognition. The following review will concentrate on some facets of the first tier, the fusion or rejection phenomenon, so common to this group of organisms.
Incompatible nature of botryllid ascidians
For more than two decades, scientific interest in the discipline of invertebrate immunology has focused on allorecognition patterns of botryllid ascidians. Since previous reviews (Taneda et al. 1985; Rinkevich 1992; Saito et al. 1994; Hirose 2003) have already thoroughly discussed several aspects of the first tier of botryllid ascidian allorecognition (fusion or rejection), these facets will not be discussed here. In general, these aspects dealt with some evolutionary routes of rejection in this group of organisms, as inferred by their phylogeny (see also Cohen et al. 1998) , and compared allorecognition in relation to the reproductive modes of botryllid ascidians.
The 14 different botryllid ascidians tested for allorecognition until now (7 Botryllus species and 7 Botrylloides species; Table 1 ) have revealed a variety of allorecognition responses (Fig. 2) . Two allorecognition assays, the colony allorecognition assay (CAA) and the cut surface assay (CSA), are often used to elucidate these responses (Rinkevich 1992) . The CAA is the most common assay used for revealing self/nonself discrimination potential in botryllid ascidians. In this assay, small or large groups of zooids at the growing edges of colonies (ramets) are isolated by dissecting them from each colony without injuring their surrounding ampullae. Subclones from two colonies are placed, in pairs, on glass slides so that they contact one another with their extending ampullae. The CAA was performed on all botryllid ascidians in which specificity was analyzed (Rinkevich 1992) . The CSA was employed on 9 of the 14 botryllid species tested (Table 1) . In this assay, interacting colonies are brought into contact at their cut surfaces, whereas their sides with extending ampullae are faced apart. This technique is very useful and complementary to the CAA, since in some cases it reveals different species-specific responses in comparison with CAA results (such as in Botrylloides simodensis Saito and Watanabe, 1981 (Hirose et al. 1990) and Botrylloides violaceus Oka, 1927 (Hirose et al. 1988 or results in fusions between incompatible colonies, a phenomenon known as "surgical fusion" (reviewed in Hirose 2003; Table 1 ). It has also been documented that histocompatibility types of individual botryllid ascidians do not change that much following long periods of culture under laboratory conditions. Tanaka (1975) reared four colonies of Botryllus primigenus Oka, 1928 for about 600 days. The colonies maintained their exact original fusibility type even after passing through approximately 120 cycles of asexual generations during this period. Several B. schlosseri colonies that were homozygotic on their Fu/HC locus were reared for years without changing their fusibility characteristics (Rinkevich 1992) .
However, fusibility patterns can be altered by fusion and reseparation of pairs of colonies that share only one allele on the Fu/HC locus (Mukai 1967; Taneda et al. 1985; Sabbadin and Astorri 1988) . The colonies already primed against the different Fu/HC allele later revealed, in other CAAs, fusibility characteristics different from their original pattern. Mukai (1967) further claimed that two steps in this alteration of fusibility were related to substances in the animal blood and their relative concentrations.
The results of CAAs and CSAs carried out on the 14 botryllid species (Table 1) further revealed some additional characteristics common to botryllid allogeneic responses. Contacts between allogeneic botryllid colonies usually resulted in at least one of the cytotoxic reactions within a very short period. Thus, allorecognition in this group of protochordates may be regarded as native, distinct from the adaptive graft rejection patterns characteristic of chordates (Rinkevich 1992) . Moreover, the important role of the peripheral ampullae in the botryllid self/nonself recognition phenomenon and in the rejection processes that follow contacts between allogeneic ampullae is beyond dispute (Tanaka and Watanabe 1973; Saito and Watanabe 1982; Scofield et al. 1982a Scofield et al. , 1982b Taneda and Watanabe 1982a; Watanabe and Taneda 1982; Scofield and Nagashima 1983; Hirose et al. 1988; Rinkevich and Weissman 1988; Rinkevich et al. , 1994a Rinkevich et al. , 1994b Rinkevich et al. , 1998b . Similarly, the tunic and its components are recognized not only as a milieu for cytotoxic reactions but also as a site where recognition prevails (Tanaka 1973; Mukai and Watanabe 1974; Taneda et al. 1985; Hirose et al. 1988 Hirose et al. , 1990 Svoboda and Scofield 1989; Saito et al. 1994; Hirose 2003) .
The extent to which the cortical layers of the tunics are conglutinated in the CAA is another important feature of the species-species allogeneic response. In Botryllus scalaris Saito and Mukai, 1981 , B. primigenus, Botryllus puniceus Saito and Nagasawa, 2003 , and Botryllus delicatus Okuyama and Saito, 2001 (Table 1) , a complete conglutination of both cortical layers resulted in tunic fusion and formation of a homogeneous matrix that allowed free movement of both partners' ampullae. In Botryllus promiscuus and Botryllus horridus Saito and Okuyama, 2003 , ampullae do not penetrate the tunic, while in CAAs of some B. schlosseri populations (such as that of Woods Hole, Massachusetts), fusion occurs at limited points where ampullae reciprocally penetrate into the tunic matrices (Table 1) . Limited fusion of tunics also occurs in the B. schlosseri population from the Venice lagoon . In most Botrylloides species (such as B. simodensis, B. fuscus Saito and Watanabe, 1985 , B. violaceus, B. lentus Saito and Watanabe, 1985 , B. leachi Savigny, 1816 , and some of the subpopulations of Botrylloides from Israel; Table 1), the "subcuticular rejection" process is the prevailing phenomenon, with or without partial tunic fusion. Different populations of B. schlosseri may also reveal divergent alloresponses. For example, in the Woods Hole B. schlosseri population, the enmeshment of tunic matrices occurs at only limited points, which results in limited ampullae penetration, while in other assayed populations (i.e., B. schlosseri popu- In the Japanese population, masses of bright yellow blood cells accumulate at tips of interacting ampullae.
Blood cells along cut surfaces darken. Usually fading PORs develop reciprocally. Transplantation of Fu/HCincompatible zooids has resulted in chimerism. Bancroft 1903; Sabbadin 1962; Scofield et al. 1982a Scofield et al. , 1982b Scofield and Nagashima 1983; Weissman 1988, 1991; Boyd et al. 1990; Rinkevich et al. , 1998b Rinkevich et al. , 2001 B. Rinkevich, unpublished data Botryllus scalaris Borderline between partners disappears, leading to the formation of a continuous tunic matrix. Ampullae from both colonies reciprocally penetrate. Tips of ampullae contact proximal parts of other ampullae. Fusion of blood vessels results in exchange of blood cells and is followed by rejection and amputation of blood vessels. Rejection reaction proceeds quickly after fusion of vascular vessels. Contrary to those of other botryllid ascidians, MCs showed neither infiltration nor disintegration during alloreaction. The effector cells are phagocytes.
Although not described in detail, necroses develop along both surfaces. Saito and Watanabe 1982; Taneda et al. 1985; Shirae et al. 1999 Botryllus puniceus
Similar to B. scalaris.
Not done.
Saito and Nagasawa 2003
Botryllus delicatus
Similar to B. scalaris
and B. puniceus but rejection commences only 3-4 h after vascular fusion.
Okuyama and Saito 2001
Botryllus primigenus Borderline between colonies disappears and formation of a continuous tunic matrix prevails. Ampullae reciprocally penetrate but no ampullar fusion takes place. Ampullae-to-ampullae contacts result in necroses and ampullae amputations.
Test cells and cells near the cut surface darken completely. Blood vessels near the contact area contract. Oka and Watanabe 1957, 1960; Oka 1970; Tanaka 1973; Tanaka and Watanabe 1973; Mukai and Watanabe 1974; Taneda and Watanabe 1982a , 1982c Watanabe and Taneda 1982 Botryllus promiscuus Interacting ampullae do not penetrate into the tunic of the nonfusible partner. PORs rarely seen by the eye but confirmed in histological sections (subcuticular rejection). Some parts of the tunic matrix also fuse and occasionally some blood cells (mostly MCs) pass through the ampullar epithelium into the tunic, where they disintegrate.
Okuyama and Saito 2002

Botryllus horridus
No fusion or rejection observed (no fusion observed even in syngeneic combinations).
Fusions, regardless of colony origin. Table 1 . Morphological patterns of nonself recognition in botryllid ascidians, as revealed by the colony allorecognition assay (CAA) and the cut surface assay (CSA) for allorecognition.
Saito and Okuyama 2003
Outcomes
Species CAA
CSA References
Botrylloides simodensis Contradictory descriptions of allogeneic outcomes: no fusion of tunics between noncompatible colonies (Taneda et al. 1985, p. 437 ) versus partial fusion of tunics (Hirose et al. 1988 , Table II ; Hirose et al. 1997) . Cytotoxicity is barely observed under a binocular stereomicroscope but is clearly recorded histologically (subcuticular rejection). This rejection is limited to the tunic along the boundary between colonies, results from blood cell infiltration, and never occurs in the ampullae or blood vessels.
Acute intensive rejection produced by infiltrated blood cells, particularly MCs. Saito and Watanabe 1984; Taneda et al. 1985; Hirose et al. 1988 Hirose et al. , 1990 Hirose et al. , 1997 ; and literature therein
Botrylloides fuscus
Similar to B. simodensis (subcuticular rejection).
Surgical fusion develops between incompatible colonies. Hirose et al. 1994 Hirose et al. , 1997 Botrylloides violaceus Contradictory descriptions of allogeneic outcomes: no fusion of tunics (Mukai and Watanabe 1974, p. 414) versus partial fusion of tunics (Hirose et al. 1988, Rinkevich et al. 1993b Rinkevich et al. , 1994a Note: MC, morula cell; POR, point of rejection. Table 1 (concluded).
lation of Monterey, California), the cortical layers remain intact and no penetration of ampullae is recorded (Table 1) . It seems reasonable to postulate that these different types of rejection reactions are the morphological expressions of particular histoincompatibility alleles on the tunicate Fu/HC locus or on additional loci. It has also been suggested that the differences between species reflect differences in the site at which allorecognition initially occurs (Taneda et al. 1985 Table 1 ). It is further suggested that the site of recognition in these botryllid ascidians has shifted towards the surface during evolution. Thus, the most primitive type of botryllid allorecognition is characterized by the ampullar fusion of B. scalaris, while the subcuticular rejection observed in B. simodensis and B. violaceus is the most advanced (Taneda et al. 1985; Hirose et al. 1988; Saito et al. 1994) . Recent studies (summarized in Hirose 2003) have further suggested a relationship between the "loss" of allorecognition in the vascular system of botryllid ascidians and viviparity (to protect embryos from alloreactivity when reproductive mode changes from ovoviviparous to viviparous).
In addition to the above suggestions, the widely documented phenomenon of vascular connections being established between cut surfaces of incompatible conspecifics (surgical fusions; in B. fuscus, B. violaceus, B. horridus, and B. lentus; Table 1) indicates that in these species, the effector arm for the induction of rejection during CAAs is probably not located in the vascular system (Hirose et al. 1997) or that it is related to specific factors found in interacting ampullar tips during CAAs that are missing during CSAs. One of the candidates is the tunic cells (Hirose et al. , 1997 .
Polymorphism and repertoire of Fu/HC alleles
Allorecognition in botryllid ascidians is genetically controlled by the single Fu/HC locus ), which possesses multiple codominantly expressed alleles and reveals unprecedented extensive polymorphism . A wild botryllid colony is usually heterozygotic at the Fu/HC locus ) and the repertoire of alleles is impressive. This extremely high level of polymorphism at the Fu/HC locus can serve as a mechanism to counteract some of the costs associated with allogeneic fusions in cases where limited larval dispersal (Grosberg 1987) drastically reduces the probability of fusing with a colony that is not kin. In cases where alleles are distributed with equal frequencies, any new form of Fu/HC allele may reduce fusion probability by half. Two new Fu/HC alleles in a single colony protect it from fusion. If the calculated rate of proliferation of new Fu/HC alleles (Yund and Felgarden 1992) is ubiquitous for botryllid ascidians, then it supports the feasibility of such a scenario.
Most studies have concentrated on B. schlosseri. A few have tried to determine the number of alleles residing in the Fu/HC locus by performing fusion frequency assays with a limited number of B. schlosseri populations. A study of B. schlosseri from Woods Hole (Karakashian and Milkman 1967) revealed 78 fusions among 1262 contiguous borders of colonies in nature (6.2%), which reflects the existence of roughly 80 Fu/HC alleles. Other studies (Scofield et al. 1982a (Scofield et al. , 1982b Grosberg 1988 ) recorded 50-100 histocompatibility alleles in B. schlosseri in this region. In Mutsu Bay, Japan, sampling from a very small area of 25 m 2 showed fusions between 12.1% of pairs in a pairwise allorecognition panel of all combinations between 14 colonies (Rinkevich et al. 1992) . Rinkevich et al. (1995) also studied Fu/HC polymorphism in three populations (>1000 colonies) along the Mediterranean coast of Israel, 12-36 km apart from each other. By conducting 444 CAAs within localities, Rinkevich et al. (1995) calculated frequencies of 58-306 alleles/locality. The total number of Fu/HC alleles residing in the three Israeli populations was then estimated to be 479-560. Interestingly, no fusion was recorded in 103 interpopulational CAAs (Fig. 3) . In Croatia , allorecognition assays revealed fusion and rejection responses similar to those recorded in other populations. Pairwise allorecognition assays performed on all combinations (n = 120) of 16 colonies resulted in rejections in 14.9% of the combinations, owing to the presence of 10-19 fusibility alleles with similar frequencies.
Surprisingly, studies of distinct B. schlosseri populations (Fig. 3) showed fusions between remote populations ) and, contrarily, only rejections between closely situated colonies . In the US, the Monterey B. schlosseri population (west coast) is morphologically similar to the Woods Hole population (east coast), and inter-coast breeding protocols have resulted in fertile F 1 progenies (Boyd et al. 1990 ). However, allorecognition assays revealed no fusion between colonies growing in Woods Hole and those growing in Monterey, whereas high levels of fusion were observed when Monterey colonies where challenged with Japanese or Israeli Mediterranean coast colonies (Boyd et al. 1990; ; Fig. 3 ). On the one hand, 4.4% of 45 CAAs carried out between Israeli and Monterey colonies and 12% of 25 CAAs carried out between Monterey and Japanese colonies resulted in colony fusions. Of the 18-19 Fu/HC alleles from the Japanese population examined, at least 2-3 alleles were common to the Monterey repertoire of fusibility alleles ). Therefore, these extremely separated populations (eastern Mediterranean Sea versus eastern Pacific Ocean, and eastern Pacific Ocean versus Sea of Japan) were found to possess some of the same Fu/HC alleles. On the other hand, no fusion was observed in hundreds of assays done between Atlantic Ocean (USA) and Pacific Ocean colonies (Rinkevich and Weissman 1991) or in numerous (n = 48) CAAs carried out on Israeli versus Japanese pairs . As for other botryllid ascidians, panels of pairwise combinations of B. fuscus colonies collected from three populations, 1-3 km apart, resulted in 64.0%-74.0% fusions (Hirose 1990 ). Tanaka and Watanabe (1973) examined 45 B. primigenus colonies sampled from two populations 3 km apart and re-corded fusions in 1.1% of the 968 CAAs performed. Mukai and Watanabe (1975) collected 30 B. primigenus colonies from three populations. Out of 435 possible pairwise fusibility tests, 21 (4.5%) revealed fusible combinations.
A highly polymorphic pattern of alloreactivity has also been recorded in solitary ascidians. Fuke and Nakamura (1985) examined 30 Halocynthia roretzi (von Drasche, 1884) individuals in an allorecognition panel of 435 combinations. No two individuals had identical histocompatibility types even though they were sampled from a relatively small area. Pairs of naturally fused individuals of Styela plicata (Lesueur, 1823) were present at low frequencies in the field (6.0%-9.5%; Raftos et al. 1988; Kingsley et al. 1989; Raftos and Briscoe 1990) . Only in Molgula complanata Alder and Hancock, 1870 were fusion frequencies between interacting specimens found to be relatively high (20.0%, Schmidt 1982) .
Given the number of alleles in different Botryllus populations mentioned above, the Fu/HC polymorphism cannot be satisfactorily explained by the neutral theory of molecular evolution (Kimura 1983) , which suggests that molecular polymorphism is influenced more by random drift than by selection, or by the frequency-dependent selection theory (Grosberg 1988) , which implies that the fitness of any given allele decreases as a function of its frequency, i.e., rare alleles are selectively advantageous. This is because most, if not all, alleles in populations where hundreds of alleles are referred to the Fu/HC locus should be regarded as "rare". It was therefore proposed ) that the extensive Fu/HC polymorphism is maintained by extreme overdominant selection (in which homozygotes are less fit than heterozygotes), similar to the case of alleles at the MHC class I and II loci (Hughes and Nei 1989) . Not only has extensive Fu/HC polymorphism been generated and maintained, but there is also evidence for a contemporary, rapid proliferation of historecognition alleles: an exceedingly prolific rate of 1.33 alleles/year was calculated in a North American botryllid ascidian population (Yund and Feldgarden 1992) .
Associated phenomena: memory, variation, and retreat growth
One of the fundamental characteristics of the vertebrate immune response is the exhibition of alloimmune memory, which is derived from selective amplifications and the survival of antigen-specific lymphocyte clones. However, immunological memory in pre-sensitizing tissues and cells of colonial tunicates has not been recorded, although it has been claimed for two solitary species (Wright and Cooper 1975; Raftos et al. 1987) . A study of B. schlosseri (Rinkevich and Weissman 1992c) failed to demonstrate a memory component in the rejection process (accelerated production of PORs and (or) amplification of their numbers). Similar results were obtained when all pairwise combinations were performed between rejecting partners belonging to three remote B. schlosseri populations (from Israel, Monterey, and Japan; . Conversely, a state of low responsiveness (indifference) was recorded in various other experiments, and an analysis of allogeneic responses between Monterey and Woods Hole B. schlosseri colonies revealed a fourfold increase in indifference responses in repeated testing, from 3.1% in the initial assays to 13.3% in the tertiary ones (Rinkevich and Weissman 1991 in which there exists a component for abatement of activity similar to the way in which immunological tolerance in vertebrates is activated (Rinkevich 1992) . The rejection phenomenon in botryllid ascidians (Rinkevich and Weissman 1992c; B. Rinkevich, unpublished results) reveals the quality of a low responder by the following five results.
(1) Not all interactions between ampullae result in PORs; usually only a few of the interactions result in cytotoxic lesions. (2) A full repertoire of PORs is completed within the first 10 days of an interaction. Thereafter, no more PORs occur, although other ampullae contacts prevail. (3) The outcome of indifference is repeatedly recorded in multiple CAAs and its frequency increases in secondary and tertiary assays. This result is obtained even when many "good" ampullae interact reciprocally. (4) The above observations are made when assaying colonies sampled from one specific location or from geographically distant populations. (5) Cytotoxicity in all third-party interactions is regained at all pairwise combinations, showing that interacting organisms can exercise the option to respond more or less, or not at all.
Rejection in botryllid ascidians is, on the one hand, a oneway process that cannot be stopped once initiated and, on the other hand, a process characterized by a high level of variation. By using chromium release assays, Neigel (1988) demonstrated that in vivo cytotoxic reactions between B. schlosseri blood cells could be primed to specific incompatible colonies by prior in vivo colony rejection responses. Relevant to this point is Tanaka's (1973) finding that the rejection phenomenon in B. primigenus from Japan is an irreversible process that progresses to completion at a constant rate, even if one of the incompatible colonies in a pair is experimentally removed after the first step of rejection has been initiated between them. Moreover, Scofield and Nagashima (1983) followed rejection reactions in pairs of oozooids of Woods Hole B. schlosseri placed together immediately after the initiation of metamorphosis. They found that different oozooid pairs from the same hatching gave very different rejection responses. The timing of rejection events and the gross appearance of the cytotoxic lesions were the main components that varied between different pairs (timescales varied from 30 min to approximately 12 h, and rejections were grouped into four main types varying from slight bleeding to autoamputation of ampullae and ampullae disintegration). The above studies indicate, therefore, that the species-specific allogeneic responses in ascidians (Watanabe and Taneda 1982; Taneda et al. 1985; Rinkevich 1992; Saito et al. 1994 ) are the consequences of defined effectors and processes that are regulated genetically, while the ways in which the cytotoxic lesions are formed, and their numbers, are influenced by the environment.
Vectorial movement in a botryllid ascidian as a result of intraspecific interactions has been studied in detail in B. schlosseri (Rinkevich and Weissman 1988) . After full sets of PORs had formed, some or most of the interacting ampullae of either one or both sides moved back. Others disintegrated or narrowed. During and after these events, many colonies changed their direction of growth and started to grow away from areas of contact. This change in vectorial growth was recognized 1-2 weeks after rejection and was produced by either one or both partners in a pair. This phenomenon was termed "retreat growth" (Rinkevich and Weissman 1988 ; Fig. 4 ) and has the following five characteristics. (1) Whenever retreat growth occurs, all subclones from the same colony repeatedly retreat when paired with non-fusible colonies. Similarly, retreat growth occurs when a second set of experiments is carried out with the same set of subclones. (2) The retreat growth phenomenon in nonfusible colonies is independent of whether PORs are formed. (3) Retreat growth of rejecting pairs proceeds only after establishment of PORs. (4) The retreat growth phenomenon usually occurs during the takeover phase of the old generation of zooids. The new generation of blastozooids facing the POR area fails to develop to a mature phase and is resorbed, while distant zooids successfully complete their development. (5) Retreat growth significantly reduces the time required for disconnection between two interacting colonies, compared with pairs in which this phenomenon is absent. The retreat growth phenomenon has also been recorded in the three subpopulations of Botrylloides species from the Mediterranean coast of Israel (Rinkevich et al. 1994a ).
Effector cells: morula cells and macrophages
It has been shown that in botryllid ascidians, colonyspecific factors for allorecognition exist in the blood as both soluble materials (humoral factors) and cellular components (Tanaka 1973 (Tanaka , 1975 Tanaka and Watanabe 1973 , 1982c Scofield et al. 1982a; Scofield and Nagashima 1983; Saito and Watanabe 1984; Harp et al. 1988; Hirose et al. 1990; Rinkevich 1992; Cima et al. 2004 ). Additional experiments have revealed that the tunic component, including test cells, might also participate as the effector arm in allogeneic reactions (Tanaka 1973; Tanaka and Watanabe 1973; Watson and Scofield 1989) . It has also been suggested that in addition to specific alloreactions, some non-colonyspecific factors may be released to further augment alloreactivity (Tanaka 1973 (Tanaka , 1975 Taneda and Watanabe 1982b) or to abate immune responses (Tanaka and Watanabe 1973; Watson and Scofield 1989; Hirose et al. 1990 ).
While alloresponses may differ from one botryllid species to another, one common characteristic is the circulating hemocytes that are involved in the rejection processes, the morula cells (MC) and the macrophages. A morphofunctional study of hemocytes from B. leachii (Cima et al. 2001) revealed that these two blood-borne cellular elements represent two of the five distinct hemocyte differentiation pathways: (1) the phagocytic line of hyaline amoebocytes and macrophage-like cells, which share similar ultrastructural features, the same hydrolytic enzymes, and wheat germ agglutinin lectin binding, and which are involved in yeast phagocytosis and erythrocyte rosette formation; and (2) the cytotoxic line of granular amoebocytes and MCs, with vacuoles containing oxidative enzymes and polyphenolic substrates.
MCs are berry-shaped blood cells that possess several transparent to yellowish-green, 2-µm vacuoles. They are, by far, the most frequent circulating ascidian cell type (Endean 1955; Andrew 1961; Smith 1970; Kustin et al. 1976; Ballarin et al. 1995; Rinkevich et al. 1998a) . Although most of their roles in ascidian immune responses remain unclear, MCs are known as the effector arm that induces cytotoxicity after recognition of foreign molecules or cells Parrinello 1996; Cammarata et al. 1997; Ballarin et al. 1998; Cima et al. 2004 ) and they are required for the induction of phagocytosis (Smith and Peddie 1992) . This ubiquitous ascidian cell type is a conspicuous participant in rejection reactions between incompatible colonies (but see below), acting as an effector cell associated with degeneration of foreign tissues, leading to the formation of PORs. MCs accumulate at the tips of interacting ampullae, infiltrate the tunic matrix through the ampullar epithelium (in species where these ampullae do not fuse), and then turn dark brownish black during the rejection process, degenerating and contributing to the mass of the necrotic zones (Taneda and Watanabe 1982a; Scofield et al. 1982b; Scofield and Nagashima 1983; Hirose et al. 1990; Sabbadin et al. 1992; Saito et al. 1994; Ballarin et al. 1995) . Stimulation of MCs with mannan or phorbol 12-mono-myristate induces the expression of interleukin 1α-and tumor necrosis factor α-like molecules, suggesting an immunomodulatory function of MCs ). These cells in botryllid ascidians accumulate reduced iron and sulphuric acid Scofield and Nagashima 1983) , express nitric oxide in in vitro cell death assays (Cima et al. 2004) , and host phenoloxidase activity within their vacuoles.
Phenoloxidase oxidizes polyphenol substrates to quinones that further polymerize to form the dark brown substances characteristic of necrotic zones (Ballarin et al. 1995) . The chemistry and cytochemistry of MCs have been studied in B. schlosseri, with special attempts to elucidate phenoloxidase activity (Ballarin et al. 1995) .
While most allogeneic interactions in botryllid ascidians involve the activation of MCs, the effector cells in the Japanese species B. scalaris (Saito and Watanabe 1982) are the phagocytes. In this species, incompatible interactions start as fusion of adjacent tunics, followed by contact between ampullar tips of one partner and the sides of ampullae of the other partner and fusion of these vessels. Incompatible interactions are then terminated by aggregated hemocytes that plug the vascular lumen of the fused ampullae. Phagocytes (including hyaline amoebocytes, macrophage-like cells, and signet ring cells) are involved in these reactions, but MCs are not Shirae et al. 1999) .
A follow-up study of MC behavior, at rest and during allogeneic or xenogeneic challenges (Rinkevich et al. 1998a) , revealed that MCs in noninteracting animals during blastogenic stages A-C (sensu Mukai and Watanabe 1976) congregate and "home" to special localities within the oral siphon-tentacles of the zooids. Before the takeover phase (blastogenic stage D) they disappear, probably dispersed in the blood system of the colony. MC aggregations are re- Boyd et al. 1990; Rinkevich and Weissman 1991; Rinkevich et al. , 1995 Rinkevich et al. , 2001 and author's unpublished data. corded, again, in the tentacles of oral siphons in the new generation of zooids. This homing behavior of MCs, the first such example in the urochordates, suggests that cellular compartmentalization in the blood and the existence of reservoirs of specific cell populations are designed for specific tasks. MCs at contacting zones increase their numbers fourfold within 2 h of the first contacts between ampullae in both allogeneic challenges (fusion and rejection processes) and xenogeneic encounters with closely related species (Rinkevich et al. 1998a ). These cells constitute up to 50% of total cellular elements within the lumen of interacting ampullae. They stay in these ampullae for the next 24-72 h, until immunological challenges mature to form vascular anastomoses (in cases of compatible allogeneic and autologous fusions) or PORs (in incompatible encounters). During this period they either die, forming a major part of local cell infiltration and hemorrhages (in rejections), or leave the areas of contact (in cases of fusions or xenogeneic interactions that do not result in PORs).
The rapid accumulation of MCs in contacting ampullae, and the specificity of this phenomenon, may indicate the existence of special communication molecules involved in this recognition and the expression of effector mechanisms. The similarity in timing and in the initial processes of MC accumulation between autologous or allogeneic fusions and rejection is most likely related to the first general alarm event. Self/nonself recognition in these processes is probably determined at later stages when MCs are already concentrating in the ampullae.
Contrary to the generally accepted idea (Watanabe and Taneda 1982; Weissman et al. 1990; Rinkevich 1992; Saito et al. 1994) , rejections of nonself tissues may also lead to chimerism (Rinkevich et al. 1998b ). During and after the formation of PORs, the MCs have the capacity to cross all morphological (both tunic matrices), allogeneic (the activation of the phenoloxidase system and other cytotoxic compounds), and physiological barriers (areas of PORs), leading to microchimerism. This result has been observed more than once and therefore indicates a genuine phenomenon of limited, but predictable, microchimera formation for at least a short period of 1 week. Traversing cells may include a variety of other cell types found in the tunicate blood system (De Leo 1992) or only those types of hemocytes that are involved in defense reactions. This crossing of the individual barrier raises again the threat of somatic and germ cell parasitism (Pancer et al. 1995; Stoner and Weissman 1996; Stoner et al. 1999; Rinkevich 2002a Rinkevich , 2002b . It is obvious, however, that even if chimerism can be established through rejection processes, it is probably limited to specific cells and to reduced numbers of cells that may cross the rejection areas.
Phagocytes are the other type of blood cells that participate in allogeneic and xenogeneic interactions (for example, B. scalaris; Saito and Watanabe 1982; Saito et al. 1994; Shirae et al. 1999) . Phagocytes are also easily recognized morphologically by their typical behavior: ingestion of nonself particles and damaged self cells (Smith 1970; Anderson 1971; Lauzon et al. 1992; Fuke and Fukumoto 1993; Ballarin et al. 1994a Ballarin et al. , 1997 Ohtake et al. 1994; DanSohkawa et al. 1995; Cima et al. 1996) . They are also able to synthesize and release opsonic agglutinins (Coombe et al. 1984a (Coombe et al. , 1984b Kelly et al. 1992; Ballarin et al. 1999) . Phagocytosis by botryllid hemocytes is influenced by temperature, pH, and physiochemical properties of the test particles, and requires Ca 2+ or Mg 2+ ions to occur. Phagocytes recognize glucosyl or mannosyl residues on the surface of yeast cells, and a respiratory burst is associated with the phagocytosis process, as indicated by increased superoxide production. Factors that enhance phagocytosis of yeast cells, sheep red blood cells, and latex beads and that reduce the uptake of yeast and sheep erythrocytes are present in the plasma (Ballarin et al. 1994a) .
One of the most typical phagocytic cell types is the macrophage. Macrophage-like cells bearing large vacuoles filled with cell debris and devoid of amoeboid activity have been described in the blood of all ascidian species (Goodbody 1974; Wright 1981) , and amoebocytes of the hyaline or microgranular type are reported to be involved in phagocytosis (Smith 1970; Smith and Peddie 1992) . Macrophages represent 15%-20% of blood cells and are usually referred to as hyaline amoebocytes when actively moving and spreading and as macrophage-like cells when assuming a spherical shape after the ingestion of nonself material (Ballarin et al. 2002b) . In tunicates, the macrophages are associated with inflammatory-like reactions, elimination of degenerative cells in allogeneic interactions, and other immune responses Katow and Watanabe 1980; Parrinello et al. 1990; Ballarin et al. 1994a; Rinkevich et al. 1998a ). In B. schlosseri, these cells, which specialize in phagocytosis, increase in number only about 1 week after the first ampullar contacts and following the maturation of allogeneic responses. They are probably being used in this system during regeneration processes for their clearance properties, i.e., the elimination of dead cells, destroyed epithelium, and cell fragments. In other tunicates, macrophages (or, according to a different terminology, the microgranulocyte cells; De Leo 1992) are also known to be involved in phagocytosis, encapsulation, degranulation, tissue injury, antimicrobial activities, tunic construction, regeneration and repair, and transport of nutrients, but not in direct cytotoxicity or allograft rejection (reviewed in De Leo 1992) . It is also interesting to note that although MCs have no phagocytic activity, they are reported to promote phagocytosis by ascidian phagocytes (Smith and Peddie 1992) . Thus, the stimulatory effect on phagocytes and the enhancement of phagocytosis by MC lysates (Smith and Peddie 1992) may easily be explained by the immunomodulatory role of the cytokines they produce .
Activation of professional circulating phagocytes during ascidian immune responses also involves behaviors such as spreading over foreign surfaces to encapsulate them (Anderson 1971; Wright and Cooper 1983; Parrinello and Patricolo 1984) . In general terms, spreading implies both the ability to form podosomes (i.e., structures similar to focal adhesions of fibroblasts but much more dynamic in their assembly and disassembly) with which phagocytes adhere to substrata and the reorganization of the actin cytoskeleton (Ballarin et al. 2002b) . The involvement of integrins in phagocyte spreading and phagocytosis was investigated in the compound ascidian B. schlosseri. The number of spreading cells was significantly reduced when adhesions occurred in the presence of the tetrapeptide Arg-Gly-Asp-Ser (RGDS) but not in the presence of Arg-Gly-Glu-Ser (RGES), indicating the involvement of RGD-mediated adhesion mechanisms in phagocyte spreading. The significant decrease in the fraction of spreading cells in the presence of B. schlosseri blood plasma suggests the presence of RGD-containing molecules in the blood of this species. Both spreading and phagocytic capability were severely inhibited by wortmannin, suggesting the importance of phosphatidylinositol-3-kinase in integrin-mediated signal transduction in ascidians (Ballarin et al. 2002b) .
In vitro studies of botryllid alloreactivity were performed with mixtures of blood cells from allogeneic colonies. These assays were done on B. schlosseri (Harp et al. 1988; Neigel 1988; Cima et al. 2004 ) and revealed some interesting conclusions regarding the reactivity of blood cells, programmed cell death, and hierarchy of reactions. An irradiation assay was employed as a tool for studying colony specificity in two studies that tested the effects of X-irradiation on the rejection processes in B. primigenus (Taneda and Watanabe 1982c ) and on the resorption phenomenon, another outcome of colony specificity, in chimeras of B. schlosseri (Rinkevich and Weissman 1990a) .
Humoral and cellular molecules
Studies aimed at investigating the mechanism underlying self/nonself recognition in botryllid ascidians have focused on attempts to identify the Fu/HC gene or its protein. To date, all approaches have failed (Magor et al. 1999; Rinkevich 2002b; De Tomaso and Weissman 2003) . Although the tunicate Fu/HC locus has frequently been compared to the mammalian MHC (Scofield et al. 1982b; Weissman et al. 1990 ), the similarities have not been found to be truly structural. There is no documented evidence that the Fu/Hc locus and the MHC emerged from common ancestral genes (De Tomaso and Weissman 2003) , nor is the required assembly of the germline elements done through a complex gene rearranging process like that involving the vertebrate T cell receptor and recombination activating genes, among others (Magor et al. 1999) . On the other hand, Khalturin et al. (2003) indicated that some of the primitive forms of the complex vertebrate immune system machinery may already exist in circulating blood cells of botryllid ascidians. They screened differentially displayed genes in B. schlosseri colonies during allorecognition reactions and isolated a gene (BsCD94-1) coding for a type II transmembrane protein that bears a C-type lectin-binding domain with close similarity to vertebrate CD94 and natural killer (NK) cell receptor P1. This gene is differentially regulated, during the process of colony rejection, on the cell surfaces of specific blood cell subpopulations. The CD94 molecule is one of the characteristic markers of NK cells in vertebrates, cells that play an important role in nonself recognition and the elimination of allogeneic cells. The results of Khalturin et al. (2003) , therefore, point for the first time to the evolutionary link between tunicate and vertebrate allorecognition processes.
Studies that tried to identify genes prevalent in cDNA libraries generated from tissues involved in the process of allorecognition revealed some interesting, possibly immunerelated, genes. Among these were genes encoding a nonpolymeric C-type lectin (Pancer et al. 1997 ); a putative homolog of human EB1, the protein which binds the adenomatous polyposis coli protein (Pancer et al. 1996b ); a serine protease found at high levels in the animal tunic (Müller et al. 1994 ); a proteosome subunit epsilon-like molecule (Pancer et al. 1996c) ; an antigen receptor-like molecule (Pancer et al. 1996a ); a putative FK506-binding protein (Pancer et al. 1993) ; functional analogs to interleukin 1 and tumor necrosis factor α (Raftos 1996; Ballarin et al. 2001; Cima et al. 2004 ); a humoral opsonin ; and cytotoxic brominated tyrosine derivatives (McDonald et al. 1995) . While some of these genes may eventually be found to contribute to allorecognition as part of the effector machinery, none are presently candidate Fu/HC genes. One good example is the cloning of two HSP70 homologs in B. schlosseri (Fagan and Weissman 1996) . These clones showed physical and functional attributes similar to those of the MHC-linked, heat-inducible HSP70 clones of mammals (Fagan and Weissman 1996) . However, they did not correlate with Fu/HC typed colonies of defined genetic crosses (Fagan and Weissman 1998) . The same conclusion was reached during the identification of a disulfide-linked, heterodimeric (αβ) cell surface molecule in B. schlosseri. This tunicate protein possessed a biochemical resemblance to mammalian lymphocyte antigen receptors (Danska et al. 1990 ), but the observed charge variants of its constituent chains did not correlate with Fu/HC allelic diversity.
Several humoral and intracellular factors that are relevant to either vertebrate immune responses or opsonisation and agglutination activities have also been found in botryllid ascidians (Saito 1996) , although to date there has been no evidence connecting them directly to the allorecognition machinery of these organisms. Most of them have been elucidated in B. schlosseri. Baish et al. (1997) used the conserved regions of the thioester site of human alpha-2-macroglobulin, mouse complement components C3 and C4, and lamprey C3 genes as templates to amplify several PCR products from a B. schlosseri cDNA library. Fourteen amplified clones exhibited high similarity to known sequences of complement and alpha-macroglobulin family members of vertebrates.
The presence of humoral agglutinins in B. schlosseri was first reported by Vasta et al. (1982) in a study of the distribution of lectins in North American tunicates. Coombe et al. (1984a) confirmed previous data and demonstrated the presence of at least two hemagglutinins, one that exhibits Ca 2+ -dependent activity, with a molecular mass greater than 150 kDa, and a second characterized by Ca 2+ -independent activity, with a molecular mass of approximately 67 kDa. Pancer et al. (1997) cloned a C-type lectin (putative protein of 333 amino acids) from B. schlosseri colonies that features three conserved signatures. The first is a Greek-key motif signature located at the amino terminus; the second building block is the C-type lectin domain signature; and the third is an immunoglobulin domain found at the carboxyl terminus. Ballarin et al. (1999) further purified, from both blood plasma and haemocyte lysates of B. schlosseri, a humoral, calcium-independent agglutinin with specificity for D-galactose derivatives. This agglutinin acts as an opsonin, enhancing in vitro phagocytosis, and was resolved by SDS-PAGE into two slightly different bands. A follow-up study by Ballarin et al. (2000) further showed that these bands were recognized, after their transfer onto nitrocellulose, by the anti-BA (Botryllus agglutinin) antibodies obtained after rabbit immunization with purified BA. The antibodies also bound a surface antigen of the agglutinated cells, confirming the hypothesis that BA acts as an adhesion molecule, crosslinking different cells. In fact, BA recognizes glycoconjugates, which are abundantly presented on rabbit erythrocyte and yeast cell surfaces.
Lectins have also been found in other botryllid ascidians. In B. leachi, three hemagglutinins were purified; only one of them (HA-2) was metal-independent, was specific for D-galactose derivatives, and had opsonic activity (Schluter and Ey 1989) . Based on physicochemical properties, Coombe et al. (1982 Coombe et al. ( , 1984b ) related the B. leachi HA-2 to the Ca 2+ -independent, D-galactose-binding B. schlosseri lectin and proposed an opsonic role for the latter. Furthermore, Saito and Watanabe (1984) showed, by means of an in vivo bioassay (microinjection of blood plasma), that the blood plasma of B. simodensis has a specific activity corresponding to allogeneic histoincompatibility. When intact blood plasma, on the other hand, was exposed to various physicochemical conditions, the specific activity was replaced by nonspecific activity. The specific and a nonspecific activities had some characteristics in common: both were resistant to dialysis, were heat labile, and were dependent on bivalent cations. These results suggested that both activities were attributable to the same factor in the blood plasma. Furthermore, the nonspecific activity appeared in large molecule fractions resulting from either ammonium sulfate fractionation or Sephadex G75 gel filtration. The activity was not affected by trypsin, protease, or neuraminidase.
The importance of humoral factors in allogeneic interactions in different botryllid ascidians was recognized years ago (Tanaka 1973; Saito 1996) , and the demonstration of allospecific responses of hemocytes by in vivo incubation of hemocytes in blood plasma (Ballarin et al. 1995 (Ballarin et al. , 1998 provides more support for the idea that blood plasma contains humoral factors important for activating self/nonself recognition.
The phenoloxidase system
One of the most efficient innate immune responses in various groups of invertebrates is the prophenoloxidase (proPO) activating system (Söderhäll and Cerenius 1998) . This is an efficient nonself recognition system that can recognize and respond to lipopolysaccharides or peptidoglycans from bacteria and β-1,2-glucans from fungi at concentrations of picograms per litre. As a result of activation of the proPO, a black color appears, due to deposition of melanin. This process involves several proteins, among which are proteinases, proteinase inhibitors, and recognition molecules that recognize structural features of the nonself components. The enzyme involved in melanin formation is phenoloxidase (PO), a copper enzyme. This enzyme is able to oxidize mono-and di-phenols to quinones, which, in turn, polymerize to form melanin. The intermediary compounds formed, as well as the melanin itself, are toxic to microorganisms and multicellular parasites. In addition, several processes have been reported to be directly related to the activation of PO, including the production of opsonic molecules, stimulation of encapsulation, triggering of haemolymph, coagulation, and hemocyte clotting, as well as the release of microbicidal factors (Ratcliffe 1991; Söderhäll and Cerenius 1998) .
While PO in other invertebrates is known to be an active compound against parasitic entities, much of the literature regarding PO in the tunicates is involved with its role in allorecognition. In earlier studies in tunicates, PO was found to be involved in the synthesis of melanin in the larval ocellus of Ascidiella aspersa (Müller, 1776) and Phallusia mammillata (Cuvier, 1815) (Mingati 1957) , as well as that of Styela partita (Stimpson, 1852) , Molgula manhattensis (De Kay, 1843) , and Ciona intestinalis (L., 1767) (Whittaker 1966) , and in the synthesis -by vacuolar granular cellsof the dark blue pigment that gives B. schlosseri colonies their usual ground colour (Sabbadin and Graziani 1967) . The enzyme was later demonstrated, cytochemically, to be present in the MCs of Goniocarpa rustica and Halocynthia aurantium (Pallas, 1787) (Chaga 1980) and, by a spectrophotometric assay, in MC lysate of C. intestinalis (Smith and Söderhäll 1991; Jackson et al. 1993) , Ascidia mentula Müller, 1776 , Ascidia virginea Müller, 1776 , Ascidia scabra Müller, 1776, and A. aspersa and in the blood of other ascidian species, both solitary and colonial (Jackson et al. 1993; Akita and Hoshi 1995; Arizza et al. 1995) .
In solitary ascidians, PO is involved in the allospecific hemolytic reaction (contact reaction) of H. roretzi (Akita and Hoshi 1995) and in a cytotoxic reaction against foreign cells in S. plicata (Cammarata et al. 1997) . The enzymes from different species differ in their molecular size, activating substances, and trypsin sensitivity, presumably because of their various functional roles (Parrinello et al. 2003) . Most studies of PO activity in tunicates have concentrated on its role in the rejection processes of botryllid ascidians, particularly in B. schlosseri and B. simodensis (Ballarin et al. , 1993 (Ballarin et al. , 1994b (Ballarin et al. , 1995 (Ballarin et al. , 1998 (Ballarin et al. , 2002a Frizzo et al. 1999 Frizzo et al. , 2000 Shirae and Saito 2000; Shirae et al. 2002) . However, PO activity has also been recorded in other botryllid ascidians such as B. scalaris, B. primigenus, B. fuscus, B. lentus, and B. violaceus (Shirae and Saito 2000; Hirose et al. 2002) . During nonself reactions, MCs were found to crowd at the apices of opposite ampullae (Rinkevich et al. 1998a ) and then enter the tunic by crossing the ampullar epithelium. In the meantime, they degranulated and released the contents of their vacuoles, mainly PO and polyphenols, thus triggering a cascade of reactions leading to the appearance of diffused cytotoxic foci (Scofield and Nagashima 1983; Rinkevich 1992; Weissman 1991, 1992c) . The cytotoxic activity is certainly reflected also within the interacting ampullae (Rinkevich et al. 1998a ). This behavior is thought to be the consequence of recognition by MCs and humoral nonself factors diffused from the alien colony through the confluent tunics, which lose their cuticles and partially fuse Saito et al. 1994) . This is supported by the observation that MC degranulation can be induced by incubating hemocytes with blood plasma from incompatible colonies; this causes an increase in in vitro cytotoxicity, which parallels the increase in PO activity in the incubation medium (Ballarin et al. 1995) . The relationship between PO activity and cell death is indicated by the severe decrease in cytotoxicity in the presence of inhibitors of both PO and serine proteases (Ballarin et al. 1998; Shirae and Saito 2000) , which supports the presence of a proPO activating system in botryllid ascidians similar to that described in arthropods (Söderhäll and Cerenius 1998) .
In a comparative study, Shirae and Saito (2000) used five botryllid species and Symplegma reptans (Oka, 1927) , which is closely related to botryllids, in an effort to clarify the relationship between modes of allorejection and the characteristics of MCs, such as the ratio of MCs to total hemocytes and the PO activity levels in the MCs. The MCs of these six ascidians resembled one another morphologically and all showed PO activity. In B. scalaris, PO activity was also found in granular leukocytes, but the level of activity was much lower than that in MCs. The POs of these species resembled one another, at least in terms of their sensitivity to inhibition by common inhibitors of the proPO system. The PO activity per fixed number of hemocytes varied among these ascidians. This variation was due to a difference in the ratio of MCs to total hemocytes and (or) a difference in PO activity per MC. In most ascidians, with the exception of B. scalaris, the rejection reaction area showed a higher level of PO activity than the fusion area of syngeneic partners. Similar results have also been recorded recently by Hirose et al. 2002, who showed that lower PO activity was recorded in B. lentus, B. fuscus, and B. violaceus than in B. simodensis. These results suggest that the characteristics of MCs, including their PO activity, are closely correlated with the mode of the allorejection reaction (Shirae and Saito 2000) .
Allorecognition and ecology: closing remarks
Many clonal invertebrates, including sponges, cnidarians, bryozoans, and ascidians, possess highly efficient allorecognition systems that mediate fusion and rejection patterns in situ (Grosberg 1988; Buss 1990 ). The broad phyletic distribution of tissue recognition systems in invertebrates has led to speculation that these metazoan historecognition systems may contain components that are the evolutionary antecedents of vertebrate tissue recognition systems (e.g., Burnet 1971; Scofield et al. 1982b; Buss and Green 1985; Du Pasquier 1989; Rinkevich 1996a Rinkevich , 1996b Rinkevich , 2001 Rinkevich , 2002a Rinkevich , 2002b Rinkevich , 2004 . Support or rejection of this speculation requires more evolutionarily linked data because, contrary to the clonal invertebrates mentioned above, natural allorecognition events are absent in the vertebrates (but see Rinkevich 2001) . Since many invertebrates possess historecognition loci that are of obvious selective importance during space competition in the field, understanding the ecological roles of the invertebrate allorecognition system should shed light on mechanisms promoting the development, for example, of highly polymorphic loci in a broad range of taxa (i.e., Rinkevich et al. 1995) . One of the best-studied botryllid species in this area is B. schlosseri.
It is well documented that co-settlement of genetically related colonies is promoted in B. schlosseri by the use of the kin recognition mechanism along with limited dispersal of larvae (Grosberg and Quinn 1986) . This phenomenon may promote partial inbreeding resulting from mating between siblings Paz et al. 2003) , increasing heterozygote deficiency to levels higher than that expected from random settlement. The aggregate settlement of tadpole larvae (Grosberg and Quinn 1986) , the frequent natural catastrophes that eradicate populations (Rinkevich et al. , 1998c ; a phenomenon which also resulted in strong differentiation in allele repertoire and allele frequencies between sampling dates), and the limited dispersal of swimming larvae (Grosberg and Quinn 1986) all help in forming small-scale subpopulations in which gene flow is somewhat restricted, further promoting heterozygote deficiency.
Studies of botryllid ascidian allorecognition have revealed a variety of fusion and rejection patterns that occur naturally between colonies growing near each other. While the ecological and evolutionary consequences of fusion have already been discussed in detail (Rinkevich 1996b (Rinkevich , 2002a (Rinkevich , 2002b Magor et al. 1999; Stoner et al. 1999) , little attention has been paid to the possible fitness costs of rejection. The investment of energy in the production of cytotoxic reactions, the sacrifice of part of the soma through lesions and ampullae amputations, and the disintegration and loss of the tunic matrix following rejection may all occur at the expense of survivorship, the onset of reproduction, potential tolerance to environmental parameters, surviving interspecific competition, and other aspects of life history. A comparative study of different B. schlosseri colonies revealed that those that undergo rejection processes do not reduce growth rate, reproductive effort, or survivorship compared with noninteracting conspecifics and kin (Rinkevich and Weissman 1992a) . A recent field study (Chadwick-Furman and Weissman 2003) of B. schlosseri from Monterey documented that more than 20% of all colonies occur in allogeneic contacts with conspecifics. The effects of allogeneic contacts on the following life-history traits were assessed under natural conditions: growth, age and size at first reproduction, and egg production (fecundity). When compared with isolated colonies and, in some cohorts, with colonies that rejected allogeneic neighbours, colonies that fused with neighbours incurred fitness costs in terms of most of the life-history traits measured. However, rejection outcomes also resulted in significantly reduced fitness in the field-grown colonies. This is the first demonstration in a protochordate that, under natural conditions, allogeneic contacts leading to both fusion and rejection come at a cost to life-history processes such as growth and reproduction. With regard to xenogeneic interactions, Osman and Whitlatch (1995) suggested that larvae that contact and xenoreact with resident species promote aggregated settlement in open areas adjacent to the resident ascidians. This, of course, increases levels of allogeneic interactions. This is probably the reason why high rates of standoffs were recorded in interspecific encounters of compound ascidians (Schmidt and Warner 1986) .
All 14 botryllid ascidians studied exhibit species-specific colony specificity, resulting in either fusion or allogeneic rejection. Contacts between ampullae from allogeneic growing parts or allogeneic cut surfaces usually mature to cytotoxic reactions within a very short period (hours or days), concluding in either separation between the partners or fusion between conspecifics. The vast majority of botryllid colonies in nature are heterozygotic at the Fu/HC locus (Oka and Watanabe 1960; Scofield et al. 1982a) . While the genetic rules for fusibility are essentially the same for all botryllid species tested (Oka and Watanabe 1957 , 1960 , Sabbadin 1962 Oka 1970; Tanaka and Watanabe 1973; Tanaka 1975; Scofield et al. 1982a Scofield et al. , 1982b Svoboda and Scofield 1989) , the nonself responses differ from one species to another (Table 1) . During rejection processes, the cascade of cellular and biochemical mechanisms that follows the recognition phase is probably controlled by an additional locus or loci not necessarily linked to the Fu/HC locus (Rinkevich 1992) . A similar genetic basis was proposed for the resorption phenomenon, another tier of allorecognition characteristic of botryllid ascidians Rinkevich 1992; Rinkevich et al. 1993a) .
The self/nonself recognition mechanisms commonly used under field conditions (Chadwick-Furman and Weissman 2003) , the various types of rejection processes (Table 1) , and the heterozygotic nature of the Fu/HC locus, combined with the large number of alleles at the population level (up to several hundred alleles; Karakashian and Milkman 1967; Grosberg and Quinn 1986; Rinkevich et al. 1995) , may indicate the tight links between natural alloresponses in botryllid ascidians and evolutionary ecology (Rinkevich 1996b ). This should be taken into consideration when inferring ancestral states, the directional evolution of immunity, and the associated effector mechanisms leading to the first tier of allorecognition in botryllid ascidians in particular or to self/ nonself recognition elements in other multicellular organisms.
